Silicon photonics is a powerful platform for implementing large-scale photonic integrated circuits 
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Photonic integrated circuits (PICs) are powerful platforms for realizing large-scale quantum photonic information processing. Of the various PIC technologies 1 , silicon photonics [2] [3] [4] [5] is one of the most attractive platforms for implementing large-scale PICs, because of its compatibility with mature complementarymetal-oxide-semiconductor (CMOS) technology 6 . In this paradigm, well-developed silicon nanophotonic elements, such as high-Q ring-resonators, low-loss waveguides, and modulators are available without major development, and thus enable for direct access to system-level research of PICs. Silicon quantum photonics exploits the power of silicon photonics and provides a fascinating route for large-scale photonic quantum information processing. Silicon quantum PICs have already shown their promise for quantum key distribution 7, 8 , linear optical quantum computation 9, 10 , and boson sampling 11, 12 . However, current silicon quantum photonics inherently lacks scalability due to the probabilistic nature of single-photon sources (SPSs) that have been implemented on silicon, including those based on spontaneous parametric down conversion and spontaneous four wave mixing 13 . Several approaches have been proposed to overcome the limitations of purely silicon-based SPSs 14 , but these remain technologically difficult to implement faithfully on silicon.
An alternative approach to implementing deterministic SPSs is the hybrid integration of solid-state quantum emitters, such as those in diamonds, two-dimensional materials, and carbon nanotubes 15 . Among them, InAs/GaAs self-assembled quantum dots (QDs) are highly promising because of their proven potential to deterministically emit single photons with high purity and indistinguishability [16] [17] [18] . The QDs can be engineered to emit single photons in the telecom band, where silicon is optically transparent [19] [20] [21] [22] .
However, their hybrid integration is inherently difficult, as the random position and emission wavelength of each epitaxial QD hinder the deterministic integration of a desired QD on a proper position of the target PIC. The difficulty becomes more pronounced when utilizing conventional heterogeneous integration techniques, such as wafer bonding and direct epitaxial growth 23 . Thus far, there are a few reports on the integration of QD-based SPSs on silicon-based photonic platforms (including those based on Si3N4) [24] [25] [26] .
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However, none of them has been implemented in such a manner that the entire fabrication process is fully compatible with the current CMOS technology. Pursuing a means of fusing fully CMOS-processed silicon photonics chips with QD SPSs is imperative for leveraging the power of silicon photonics.
In this work, we demonstrate the integration of an InAs/GaAs QD SPS into a silicon photonic waveguide prepared by a CMOS foundry. We utilize transfer printing [27] [28] [29] [30] to integrate the SPS in a simple pick-and-place manner onto the silicon waveguide after the entire CMOS process is completed. In design,
we show that the transfer-printed SPS supports a near-unity coupling efficiency of QD radiation into the waveguide, which is enabled by the use of a photonic crystal (PhC) nanobeam cavity that facilitates the necessary optical coupling. Experimentally, we demonstrate single-photon generation from the QD integrated on chip and its coupling into the silicon waveguide. Our hybrid integration approach can selectively integrate appropriate SPSs on desired positions of a PIC, thus potentially enabling scalable implementation of multiple identical QD SPSs into a highly functional silicon quantum PIC. [31] [32] [33] . When the cavity is not coupled to the underneath waveguide, the fundamental mode of the cavity (resonating at λ = 1,170 nm) supports a high Q-factor of Q = 5.4×10 6 and a small mode volume of V = 0.43(λ/n) 3 , which is calculated using a 3D finite difference time domain (FDTD) algorithm. Figure   1 (b) shows a cross-sectional schematic of the investigated device. We set the silicon waveguide width and thickness to be 250 nm and 210 nm, respectively. These parameters were chosen to achieve phase-matching between the cavity mode and a transverse electric-like waveguide mode 34 . The optical coupling of the QD into the silicon waveguide can be optimized by tuning the vertical distance between the cavity and waveguide (d) 35 , which affects the efficiencies of both cavity-waveguide coupling (η) and emittercavity coupling (β). 6
To fabricate the designed structure, we first prepared InAs/GaAs QD SPSs and silicon waveguides separately. We fabricated nanocavity-based QD SPSs into a 180 nm-thick GaAs slab containing one layer of self-assembled InAs QDs grown by molecular beam epitaxy. We patterned the 1D PhC nanobeam cavities through electron beam lithography and dry and wet etching processes. Figure 2 (a) displays a scanning electron microscope (SEM) image of a fabricated nanobeam cavity. Concurrently, we obtained silicon wire waveguides through a CMOS-process foundry. A photograph of a silicon chip is provided in Fig. 2(b) . The silicon waveguide is terminated by two output ports to extract waveguide-coupled QD emission into free space directly. The silicon waveguide is buried in a silicon dioxide layer formed by chemical vapor deposition with a thickness of 2 µm. We tuned the thickness of the glass layer above the silicon waveguide (= d) to be 350 nm by using a dry etching process. This thickness was chosen to realize high coupling of QD radiation into the waveguide even under the presence of fabrication imperfection.
Next, we used transfer printing to place a fabricated QD SPS onto a CMOS-processed silicon These assembling processes are performed with a homemade transfer-printing apparatus composed of precision motion-controlled stages operating under an optical microscope 34 . In the current setup, success rates of both processes of picking-up and placement are nearly 100%. Figure 2 (e) shows a microscope image of a completed device. Precise alignment between the top nanobeam cavity and underlying waveguide can be seen. The position deviation between the nanobeam and waveguide is deduced to be < 100 nm, which is routinely possible with our transfer-printing system 34 . We emphasize that the hybrid integration process discussed here is fully compatible with silicon CMOS back-end processes, which is 7 highly advantageous when exploiting the potential of silicon photonics. The transfer-printing approach is also beneficial to integrate multiple QD SPSs: we can sort out proper QD SPSs prior to their assembly onto a target silicon PIC. 
8
To characterize fabricated devices, we conducted low-temperature micro-photoluminescence (μPL) measurements. The devices were cooled inside a helium flow cryostat with a built-in heater for controlling the device temperature. We used a x50 objective lens (numerical aperture = 0.65) to image the samples, focus a pump laser beam on the cavity, and collect PL signals. The collected PL was analyzed with a grating spectrometer equipped with an InGaAs camera. Figure 3 (a) displays a visible microscope image of the investigated sample together with a PL image captured at 5 K under the irradiation of a pump laser beam onto the cavity center. Here, we used a continuous wave Ti:sapphire laser oscillating at 820 nm with an average pump power of 13 μW, and spectrally filtered the scattering of the pump laser beam. We observed optical out-coupling from the output ports (the dotted red circles in Fig. 3(a) ). These bright signals were not visible when the pump position was shifted from the cavity center. These results confirm that the signals at the output ports primarily stem from the cavity mode radiation coupled to the waveguide.
We then guided PL signal leaked from the upper output port into the spectrometer and measured a PL spectrum, as shown by the red curve in Fig. 3(b) . The measured spectrum exhibits a strong peak of cavity mode emission at 1,155 nm, together with that from a QD (labeled as QD-A). For comparison, we measured free space radiation from the sample by collecting PL above the cavity, as plotted by the blue curve in Fig. 3(b) . The suppressed cavity signal implies its efficient coupling into the waveguide and marginal radiation into free space.
We estimate an experimental cavity-waveguide coupling efficiency (ηexp) based on measured cavity Q-factors. From the spectrum in Fig. 3(c) , the experimental Q-factor of the cavity being considered is deduced to be Qexp = 1,400. In addition, we evaluate Q-factors of the cavities placed on plane glass and completely decoupled from the silicon waveguide. The average Q-factor (Qave) estimated from 10 bare nanobeam cavities is estimated to be 14,000. Using these values, we deduce an ηexp of 90% 34 , elucidating the efficient coupling of the cavity mode into the silicon waveguide. Next, we characterized coupling between QD-A and the cavity mode by modifying the energy detuning between them through temperature tuning. Figure 4 (a) shows a color plot of PL spectra that were observed through the output port with varying temperatures from 33 K to 52 K. An enhancement of the emission from QD-A was observed when being tuned to the cavity resonance, which suggests that the experimental QD-cavity coupling efficiency (βexp) is improved as a result of the Purcell effect within the nanocavity. To further confirm the Purcell enhancement in QD-A, we performed time-resolved PL spectroscopy by using a time-correlated single-photon counting technique with a superconducting nanowire single-photon detector (overall system time resolution of ~ 50 ps). For this particular measurement, we switched the pump source to a Ti:sapphire mode-locked laser oscillating at 830 nm (pulse width = ~ 1 ps, repetition rate = 80.3 MHz, average pump power = 180 nW). Figure 4 (b) shows a time-resolved PL spectrum measured for the QD-A peak at 40 K, where QD-A is slightly detuned from the cavity resonance by 1.5 nm (shown in the red curve). Here, the spectrometer was used as a band-pass filter for selectively measuring the QD-A peak. The measured curve is fitted with a double exponential decay curve convolved with a function that reflects the system time response. From the red curve in Fig.   4 (b), the spontaneous emission rate of QD-A was measured to be 1.8 GHz. The emission rate is found to fasten as the QD-A peak is tuned to the cavity resonance, confirming that the radiative process of QD-A is enhanced by the Purcell effect. For comparison, we measured time-resolved PL spectra for ensemble QD emission observed in an unprocessed area of the same wafer. A typical decay curve is overlaid by a black curve in Fig. 4(b) . The bare QDs radiatively decay with an average rate of 0.9 GHz. Based on these experimental results and the fact that a 1D photonic bandgap in our PhC nanobeam typically reduces the emission rate of an embedded QD by half 36 , βexp can be estimated to be ~ 75% 34, 37 . Given ηexp = 90%, we estimate the total single-photon coupling efficiency, ηexpβexp, to be ~ 70%.
12
Finally, we performed an intensity correlation measurement to confirm the single-photon nature of the emission from QD-A. For this measurement, we added a fiber beam splitter and a superconducting nanowire single-photon detector to the photon counting setup. Figure 5 (a) shows a PL spectrum measured at one of the output ports when the cavity center is pumped using a continuous wave laser (wavelength = 860 nm, power = 130 µW). The emission peak of QD-A at 1,153 nm is filtered and sent to the interferometer. Figure 5(b) shows the normalized second-order correlation function g (2) (t) measured for the QD-A peak. The obtained data were fitted with a function, g (2) (t) = 1 -�1 -g (2) (0)� exp(-t/τ), after
convolving it with the time response of our detection system, as depicted by the red curve in Fig. 5(b) . An anti-bunching with g (2) (0) = 0.30 at the zero delay time demonstrates single-photon generation from QD-A. The non-zero g (2) (0) value is likely due to the intrusion of background cavity emission supplied by other off-resonant QDs inside the cavity. Second-order correlation function g (2) (t) measured for QD-A.
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In summary, we demonstrated the hybrid integration of a QD SPS into a CMOS-processed silicon waveguide by transfer printing. We numerically showed that the investigated SPS structure can support near-unity coupling of single photons emitted from the QD into the silicon waveguide. We verified singlephoton generation from an integrated QD on silicon and its efficient waveguiding in the CMOS-processed photonic chip. The hybrid integration based on transfer printing can flexibly implement even further nanophotonic components on chip such as nanolasers 38 and cavity quantum electrodynamics systems 39 , and therefore enables the synergies of these novel elements and silicon photonics at will.
